ABSTRACT. The plant hormone ethylene is involved in several developmental and physiological processes in plants, including senescence, fruit ripening and organ abscission, as well as in biotic and abiotic stress responses. Initiation of these processes involves complex regulation of both ethylene biosynthesis and the ability of cells to perceive the hormone and respond in an appropriate manner, a process which is regulated both spatially and temporally. Ethylene is a gaseous hormone whose sensitivity is a key factor to limiting its response in target cells. We made a search of the Coffee Expressed Sequence Tag (CAFEST) database for expressed sequence tags related to known elements of the ethylene signaling pathway. Sequences showing a reliable similarity were clusterized, annotated and analyzed for conserved domains. Multiple alignments comprising the sequences that we found and sequences of ethylene signaling elements from other species were made, and their phylogeny was assessed by phylogenetic trees constructed with the MEGA4 software. The expression profile was assessed by in silico Northern blot analysis performed using the Cluster and TreeView programs. The CAFEST database was found to have a
INTRODUCTION
The plant hormone ethylene plays an important role in various diverse physiological and developmental processes including organ senescence, seed germination, stem elongation, fruit ripening, as well as biotic and abiotic stress responses. Its role in these agronomically important processes has made ethylene a target of intense studies related to its action and regulation.
A good understanding of a hormone action is achieved based on the comprehension of the main factors that control its actions, which include concentration, regulated by biosynthesis, degradation and conjugation, localization, influenced by transport, and sensitivity (or responsiveness), which involves the presence of receptors and a signaling transduction pathway (Davies, 2004) . Once produced, being a gaseous hormone, ethylene easily defuses through the intercellular spaces and adjacent tissues. Without the possibility of having a transport regulation mechanism, the controlling of its sensitivity is a key factor in limiting its responses at target cells (Alonso and Ecker, 2001) .
The morphological changes displayed by dark-grown seedlings under ethylene effect, the so-called triple response phenotype, along with genetic and molecular analyses, allowed the identification of many key components of the ethylene signaling pathway, uncovering a linear framework leading from ethylene perception to transcription regulation. Ethylene is perceived by a family of five membrane bound receptors, ETHYLENE RECEPTOR1 (ETR1), ETR2, ETHYLENE SENSOR1 (ERS1), ERS2 and ETHYLENE INSENSITIVE4 (EIN4) , that along with CONSTITUTIVE TRIPLE RESPONSE (CTR1), a Raf protein kinase, act as negative regulators. Downstream CTR1, the integral membrane protein ETHYLENE INSENSITIVE2 (EIN2), the transcriptional factors ETHYLENE INSENSITIVE3 (EIN3) and ETHYLENE RESPONSE FACTORS (ERFs) have been identified as positive regulators since their loss of function or overexpression can lead to ethylene insensitivity and a constitutive ethylene response in air, respectively.
Coffee quality, among other factors, has been associated with fruit ripening stage at harvest time, which is often highly asynchronous due to the sequential flowering found in this species, and usually leads to higher production costs and also a lower cup quality (Farnezi et al., 2010) . Some recent studies have suggested that coffee may constitute a climateric fruit (Pereira et al., 2005; Salmona et al., 2008) , indicating that ethylene may play an important role in coffee fruit ripening.
In this study, we have investigated the Coffee Expressed Sequence Tag (CAFEST) genome database, employing bioinformatics tools and in silico expression analyses, to characterize putative components of coffee (Coffea arabica) ethylene signaling pathway.
MATERIAL AND METHODS

Database searches and alignments
In order to identify homologs of functionally characterized genes involved in the basic ethylene signaling pathway (ETR1, ETR2, EIN4, ERS1, ERS2→CTR1→EIN2→EIN3→ERF), data mining in the CAFEST database (http://bioinfo04.ibi.unicamp.br), composed by 214,964 expressed sequence tags (EST) obtained from 37 libraries (Vieira et al., 2006) , were carried out using plant gene (BLASTn) and protein (tBLASTn) sequences as bait, as well as key word searches. The sequences with significant similarity (e-value >10 -4 ) were selected and sent to the sequence manager and manipulation system, the GeneProject, and submitted to clustering by using the CAP3 program (Huang and Madan, 1999) , which is integrated into the system, forming the EST-contigs and EST-singlets.
The C. arabica EST-contigs (CaC) and EST-singlets (CaS), where Ca stands for C. arabica, obtained were manually annotated and data validation was performed by local tBLASTx and tBLASTn searches of the retrieved sequences against the GenBank ® database. Then, the selected sequences were used as bait in another search against the CAFEST database, aimed at finding new reads, as well as to remount incomplete clusters. This process was repeated until no more new significant reads were found. The ORFs (open reading frames) of the validated sequences were obtained through the ORFinder tool, from the NCBI homepage (http://www.ncbi.nlm.nih.gov), and their protein sequences were generated through the translate tool found in the ExPASY (http://www.expasy.ch) protein database. The protein sequence alignments were performed by the ClustalW program (Thompson et al., 1994) , using default parameters.
Phylogenetic analysis
The putative function of the deduced amino acid sequences of coffee transcripts, compared to homologs from other species, was assessed by phylogenetic trees performed by the MEGA software, version 4.0 (Tamura et al., 2007) , with neighbor-joining comparison model (Saitou and Nei, 1987) , p-distance method and pairwise suppression. Bootstrap values from 1000 replicates were used to assess the robustness of the trees.
In silico gene expression analysis
In silico qualitative gene expression profiling was performed using virtual Northern blot analyses of the coffee EST database. For each EST-contig and EST-singlet, frequencies of reads that form each EST-contig and EST-singlet in the libraries in which they were expressed were calculated. This procedure required that the data were previously normalized to give a more accurate idea of the expression degree of the sequences in each treatment and plant organ when all libraries were considered in this study.
The normalization consisted in multiplying each read by the quotient between the number of reads from the library where it was expressed and the sum of reads of all libraries where expression was found. The results were plotted in a matrix and gene expression patterns among ESTs and libraries were obtained by hierarchical clustering, performed by the Cluster v.2.11 program (Eisen et al., 1998) . Graphic outputs were generated by the TreeView v.1.6 software (Eisen et al., 1998) and presented in a color scale from black to red, where closer to red color the higher the expression level. No expression was represented by gray color.
RESULTS
Analyses of the CAFEST database revealed 24 reads related to ethylene receptors, clusterized into 3 contigs and 4 singlets. The motif analyses showed that only one contig (CaC20), showed a conserved ethylene binding domain, and was selected for further analyses.
As shown in the phylogenetic tree ( Figure 1 ) and in Table 1 , CaC20 showed a greater similarity with receptors from ETR1-like subfamily with an amino acid identity ranging from 70% (AtERS1) to 96% (CcETR1), while compared with ETR2-like subfamily it was below 40%. The in silico Northern showed that CaC20 is expressed in six different libraries, in a no tissue specific manner, and in conditions which ethylene displays important functions, such as abiotic stresses caused by an aluminum and water deficit ( Figure 2 ). Figure 1 . Phylogenetic analysis involving putative coffee ethylene signaling pathway elements (triangles) and homolog sequences obtained from the NCBI database related to A. ethylene receptors; B. EIN2 proteins; C. EIN3 transcriptional factors; D. ERF transcriptional factors. Neighbor-joining trees were built for coffee deduced amino acid and protein sequences from other species aligned with ClustalW. Bootstrap values from 1000 replications were used to assess the robustness of the trees. Genetic distances are shown at the given scales. The protein sequences from other species and their respective accession numbers are as follows: (Vieira et al., 2006) : suspension cells treated with acibenzolar-S-methyl (BP1); non-embryogenic calli with and without 2,4 D (CA1, PC1); suspension cells treated with acibenzolar-S-methyl and brassinoesteroids (CB1); hypocotyls treated with acibenzolar-S-methyl (CL2); suspension cells treated with NaCl (CS1); embryogenic calli (EA1, IA2); embryogenic calli from Coffea canephora (EC1); flower buds in different developmental stages (FB1, FB2, FB4) ; flower buds + pinhead fruits + fruits at different stages (FR1, FR2) ; young leaves from the orthotropic branch (LV4, LV5); mature leaves from plagiotropic branches (LV8, LV9); primary embryogenic calli (PA1); leaves infected with leaf miner and coffee leaf rust (RM1); roots with acibenzolar-S-methyl (RT5); suspension cells stressed with aluminum (RT8); stems infected with Xylella spp (RX1); water deficit stresses field plants (pool of tissues) (SH2); germinating seeds (whole seeds and zygotic embryos) (SI3); well-watered field plants (pool of tissues) (SS1).
It was not possible to identify any sequence related to CTR1 in this study, which suggests an under-representation of the ethylene signaling pathway in this database, considering the high conservation of this element in other species.
There were 10 reads related to EIN2 within the CAFEST database, clusterized into 2 contigs. Only two contigs, CaC3 and CaC6, were found to encode proteins with similarity to the C-terminal portion of EIN2, which does not show similarity to any domain described to date, but is similar between EIN2 proteins already characterized. CaC3 and CaC6 encode for incomplete ORFs and showed an amino acid identity of 96% between each other, being more closely related to PhEIN2 and LeEIN2 (Figure 1 ) ( Table  1 ). The in silico Northern blot analysis showed that CaC3 and CaC6 are expressed in five and three different libraries, respectively, in a no tissue-specific expression pattern, being expressed in biotic and abiotic stress conditions, as well as reproductive tissues like floral buds and fruits (Figure 2) .
According to the results obtained in the CAFEST database, 53 reads related to EIN3 were found and clusterized into 4 contigs. Only one contig, CaC4, showed all the characteristic conserved domains found in the EIN3 family of transcriptional factors. CaC4 were most homologous to dicotyledonous EIN3/EIL proteins showing an amino acid identity ranging from 50 to 77% when compared to the sequences used to construct the phylogenetic tree, with NtEIL2 displaying the higher amino acid identity with CaC4 (Figure 1 ) (Table 1 ). CaC4 is formed by 29 reads and in silico Northern blot analysis showed that this putative coffee EIN3 homolog was expressed in 10 different libraries in a no tissue-specific manner (Figure 2 ). The libraries involve abiotic and biotic stress conditions, vegetative and reproductive tissues, and also germinating seeds and embriogenic calli.
Among the ethylene signaling pathway genes studied in this study, the transcriptional factors of the ERF family were the most abundant within the CAFEST database. A total of 166 reads related to ERF were found and clusterized into 21 contigs and 9 singlets, with all sequences encoding for a complete or partially complete ERF domain, which characterize these transcriptional factors. According to the amino acid identity within the ERF domain, these sequences could be separated into the two subfamilies that form the ERF family (Sakuma et al., 2002) : eight contigs and six singlets belonged to CBF/DREB (C-repeat/DRE-binding factor/dehydration-responsive element binding proteins) subfamily, not involved in the ethylene signaling pathway; 13 contigs and three singlets belonged to ERF subfamily, which participate in the ethylene signaling, and were analyzed in this study.
Multiple alignments between the putative C. arabica ERF (Ca-ERF) proteins and previously described ERF sequences from different plant species, highlighted a number of conserved motifs and structural similarities that are commonly associated with the AP2/ERF family of transcriptional factors, and allowed the classification of putative CaERFs into the four ERF classes previously described (Figure 1) (Fujimoto et al., 2000; Tournier et al., 2003) . Comparison of ERF domains between Ca-ERFs and other plant ERFs showed a high sequence identity (88-98%), but full-length Ca-ERFs exhibited a considerable divergence (43-98%) with them ( Table 1 ). The in silico Northern blot analysis showed that the putative Ca-ERFs are involved in a wide range of processes, since an expression in 24 different libraries, involving different tissues, development stages and stress conditions, could be observed (Figure 2 ).
DISCUSSION
Phylogenetic analyses
Although part of the sequences found in the CAFEST database did not correspond to complete ORFs, the search for putative homologs of the ethylene signal transduction pathway was very representative and allowed the identification of members from almost every stage of this signaling pathway.
Previous studies in Arabidopsis have demonstrated that the ETR family is composed of at least five receptors, divided into two subfamilies: ETR1-like subfamily (ETR1 and ERS1) and ETR2-like subfamily (ETR2, ERS2 and EIN4) (Hua et al., 1998) . Bustamante-Porras et al. (2007) have characterized the ethylene receptors ETR1, ETR2 and EIN4 in C. canephora. Like receptors from ETR1-like subfamily, CaC20 has three N-terminal transmembrane domains, which have been predicted to adopt a helix coil, thereby creating a hydrophobic pocket that binds to ethylene. It also contains all the primordial residues for ethylene binding in its transmembrane domains (Wang et al., 2006) , a GAF domain, involved in the interaction between different receptors types (Gao et al., 2008) , which supposedly binds cAMP or GMP, and a Cterminal histidine kinase domain required for the interaction with the downstream component CTR1. ETR2-like subfamily II, which includes ETR2, EIN4, and ERS2, shows four transmembrane regions and a serine-threonine kinase domain in the C-terminus. Although CaC20 lacks the receptor domain in the C-terminal portion of its predicted protein, like ERS1, the results obtained suggest that CaC20 encodes an incomplete ORF being a putative ETR1 homolog.
EIN2 is a positive regulator of the ethylene signaling pathway and it encodes an integral protein with 21 transmembrane domains on its N-terminal half, which is related to the cation transporter family N-RAMP (resistance-associated macrophage protein) and is responsible for recognizing the ethylene signal. Its unique C-terminal half is responsible for the transduction of ethylene signal to the downstream components of this pathway (Alonso et al., 1999) . Although CaC3 and CaC6 encode for incomplete ORFs, both of these fragments were found to be related to the C-terminus of EIN2 proteins previously described, which does not share any homology with other described domains, suggesting that these sequences might represent putative EIN2 homologs. The EIN2 phylogenetic analysis confirmed the great similarity between CaC3 and CaC6 and also to other dicotyledonous EIN2 sequences.
The transcription factors EIN3 form a small gene family in Arabidopsis, composed by EIN3 and five EIN3-like (EIL) genes, that act as positive regulators, controlling the expression of a variety of ethylene-responsive genes, including other transcriptional factors such as ERF1, a member of the ERF family of transcriptional factors (Solano et al., 1998) . The contig CaC4 encodes for a protein with all structure features found in previously described EIN3 proteins such as five basic domains along its sequence, a coil structure, a rich proline region and an N-terminal acid domain. CaC4 is most closely related to dicotyledonous EIN3 sequences. A similar result was found by Mbéguié et al. (2008) , where all monocotyledonous EIN3-like proteins were separately clustered from dicotyledonous sequences, except for AtEIL2 and AtEIL3 from Arabidopsis.
At the last step of the ethylene signaling pathway, ERFs are uniquely present in the plant kingdom and belong to the AP2/ERF superfamily of transcriptional factors (Nakano et al., 2006) . All members of this superfamily are characterized by the AP2/ERF domain, and according to the number and similarity within it, three families can be distinguished: AP2 (APETALA2), RAV (related to ABI3/VP1) and ERF (ethylene-response factors) (Riechmann et al., 2000) . These transcriptional factors regulate the expression of genes involved in many biological processes related to plant growth and development, as well as environmental stimulus responses. The ERF family is composed of two subfamilies: the ERF subfamily, mainly involved in biotic stress responses, and the CBF/DREB subfamily, whose members play an important role in abiotic stress responses (Sakuma et al., 2002) . These two subfamilies are separated based on the conserved amino acid residues located within the AP2/ERF domain, A13 and D18 (ERF subfamily), V13 and E18 (CBF/DREB subfamily), which are thought to contribute to a functional interaction to the cis-elements GCC-box (5ꞌ-AGCCGCC-3ꞌ) and DRE/CRT (5ꞌ-TACCGACAT-3ꞌ/5ꞌ-TGGCCGAC-3ꞌ), respectively (Sakuma et al., 2002) . Only a subgroup of the ERF subfamily is involved in ethylene responses (Rzewuski and Sauter, 2008) .
Amino acid sequence comparison and phylogenetic analysis of other species, which characterized ERFs and the putative Ca-ERF found in the CAFEST database, allowed the allocation of many of these sequences into the four ERF classes previously described (Fujimoto et al., 2000; Tournier et al., 2003) . These classes are separated according to the amino acid identity within the AP2/ERF domain (Fujimoto et al., 2000) , and they are also characterized by other features such as AP2/ERF domain position, number and localization of acid domains, and also by the presence of putative nuclear localization signal (NLS) motifs.
The contig CaC2 has been classified as a member of Class I ERFs (Figure 1 ) (Fujimoto et al., 2000; Tournier et al., 2003) , and like all class I gene members its predict proteins possess a putative NLS motif near the C-terminal region, contain an AP2/ERF domain localized near the middle of the sequence and comprise an acidic domain in the N-terminal region.
The contigs CaC18, CaC22 and CaC23 have been classified as members of Class II ERFs (Figure 1) (Fujimoto et al., 2000; Tournier et al., 2003) and are consistent with the Class II gene members previously described. All of their predict proteins showed an AP2/ERF domain in the N-terminal region and an NLS motif within the AP2/ERF domain. However, only CaC18 showed a complete sequence allowing the identification of an acidic domain and the conserved EAR (ERF-associated amphiphilic repression) repressor motif (Ohta et al., 2001) in the C-terminal end, both characteristic of class II members.
The contigs CaC33 and CaC37 encode for proteins that belong to Class III ERFs (Figure 1) (Fujimoto et al., 2000; Tournier et al., 2003) , whose members are characterized by an AP2/ERF domain in the central portion of sequences, an acidic domain on both N-and C-terminal domains, and eight conserved residues (PXXSPXSP, in which X represents any amino acid) in the C-terminal end that may constitute a target of MAP (mitogen-activated protein) kinases (Pearson and Kemp, 1991) . CaC33 showed an AP2/ERF domain and an Nterminal acid domain localized in a similar manner of Class III proteins previously described; however, due to its short C-terminal moiety, it was not possible to identify the C-terminal acid domain and the MAP kinase target.
The contigs CaC7, CaC8, CaC11, and CaC13 were classified as Class IV ERFs (Figure 1) , which are characterized by an AP2/ERF domain close to the N-terminal portion, an NLS motif just before the AP2/ERF domain, and possess a characteristic N-terminal motif [MCGGAII/L] of unknown function (Tournier et al., 2003) . All Class IV predicted proteins found in this study showed these characteristics just mentioned.
The contigs CaC5, CaC10 and CaC32 and the singlets CaS1, CaS2 and CaS3 were shown to be related to ERFs (Table 1 and Figure 1) ; however, probably due to their short sequences and/or distinct features present in their sequences, they were not clustered in any of the previously described ERF classes, like other ERF genes (Figure 1 ).
Expression profile
The expression profile exhibited by the putative components of the coffee ethylene signaling pathway found in this study matches some of the conditions and development stages on which ethylene plays important roles (Figure 2 ). For instance, the expression of the putative ethylene receptor (CaC20) in the library involving stress caused by aluminum (Al) (RT8) is possibly associated with the production of ethylene under such conditions. Al is the most abundant mineral in the soil and it becomes phytotoxic to plants when it is solubilized to phytotoxic Al 3+ species under acidic conditions. Inhibition of root elongation is one of the most distinct and earliest symptoms of Al toxicity and is caused by an increase in ethylene synthesis triggered by Al (Sun et al., 2007) . Expression of CaC20 in SH2 may be explained by the fact that drought can increase the generation of ethylene in shoots, by up-regulating the synthesis and xylem transport from roots to shoots of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) (Sobeih et al., 2004) , thus requiring the presence of ethylene receptors to allow ethylene to exert its effects under this condition.
The expression profile exhibited by the putative coffee EIN2 and EIN3 homologs and the transcriptional factors of the ERF subfamily corroborate with the in silico expression of the putative coffee ethylene receptor CaC20, and also point to the involvement of ethylene in other processes and organ of plants, such as biotic stresses and reproductive tissues, respectively (Figure 2 ). The expression of these putative ethylene signaling members in libraries, such as RM1, RX1, BP1, and RT5, is possibly associated with ethylene's role on defense responses against biotic stresses. Ethylene biosynthesis is activated in many plants challenged by pathogens, which induce defense-related effector genes through a cascade of events in which the penultimate stage is the activation of ERF-type transcription factors. The most studied ethyleneinduced defense related effector molecules are the so-called pathogenesis-related (PR) proteins, which contain the GCC-box present in their gene promoter sequences, a cis-acting ethylene response element that is necessary and sufficient for ERF interaction (Broekaert et al., 2006) . Many ERFs have been shown to be induced upon pathogen attack, and transgenic plants overexpressing ERF genes display enhanced stress tolerance against different pathogens (Meng et al., 2010) . For instance, the increased disease resistance against Hemileia vastatrix, showed by coffee plants treated with acibenzolar-S-methyl (Guzzo et al., 2001) , may involve the participation of ERF transcription factors, since putative coffee ERFs were found to be expressed in BP1 and CB1 libraries. ERFs also have been shown to be expressed in callus (Lee et al., 2005) and seeds (Pirrello et al., 2006) , corroborating with the results found in this study where the contigs CaC13, CaC32, CaC7, CaC10, CaC18, and the contigs CaC11 and CaC33, were expressed in callus tissue and germinating seeds, respectively.
On reproductive tissues, the in silico expression analysis of different putative elements of the coffee ethylene signaling pathway indicates that this hormone possibly plays a central role on coffee flowering and ripening. Coffee trees show an asynchronous flowering and the understanding of the mechanisms of action of the genes expressed in flower tissues, like those related to EIN2, EIN3 and ERFs found in this study, may help to explain how eth-Identification of putative coffee ethylene signaling members ylene is involved in coffee flowering. When it comes to fruit ripening, the expression of the putative coffee ethylene signaling members found in this study may be associated with the ethylene's role in ripening of climateric fruits. It has been shown that ethylene regulates different enzymes related to different ripening process such as ethylene biosynthesis (ACC synthase and ACC oxidase), breaking cell wall enzymes (polygalacturonase, pectin methylesterase and expansins), and also enzymes related to the production of volatile compounds (lipoxygenases), which affect fruit aroma (Alexander and Grierson, 2003) . This regulation occurs at various levels including biosynthesis, perception, signal transduction, and target gene expression by transcription factors, such as ERFs, which play an important role in modulating ethyleneinduced ripening in fruits (Bapat et al., 2010) . In tomato, antisense LeERF1 fruits displayed a longer shelf-life (Li et al., 2007) , ethylene production was suppressed in antisense LeERF2 (Zhang et al., 2009) , and Sl-ERF2 overexpression stimulated seed germination and increased apical hook formation in dark grown seedlings, indicating an increase in ethylene sensitivity (Pirrello et al., 2006) . ERFs may also act like potential repressors of ripening-related genes, as has been shown by AdERF9 in kiwifruit (Yin et al., 2010) . These findings show the crucial role of ERFs in fruit ripening and corroborate with the in silico expression profile of putative coffee ERFs (CaC5, CaC8, CaC11, CaC13, CaC18, CaC23, CaC37) in fruit libraries (Figure 2) . This preliminary survey of coffee components of the ethylene signaling pathway has provided useful information for further studies of developmental control in this species, allowing the identification of conserved members of this signaling pathway. The results obtained indicate a high conservation of this signaling pathway between coffee and model species and the expression profile exhibited by these putative elements of the coffee ethylene signaling pathway matches many of the conditions and developmental stages in which ethylene plays important roles.
